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FORWORD 
The research  descr ibed i n  t h i s  r e p o r t  was performed f o r  t h e  NASA 
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Maqned Spacecraf t  Center,  Houston, Texas, (Contract  NAS 9-6015) under t h e  
t e c h n i c a l  coordinat ion of R.  Johnston and W. Castner.  The research  w a s  
conducted by t h e  Research and Technology Operation of t h e  Aerojet-General 
Corporation, Sacramento P lan t .  W. S. Tenner and J. T.  Niemann of t h e  
p re s su re  v e s s e l  components s ec t ion  acted as p r o j e c t  manager and p r o j e c t  
engineer ,  r e spec t ive ly  under the  d i r e c t i o n  of A .  V. Levy, Manager, Advanced 
Materials Technology Department. 
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ABSTRACT 
The mechanical properties and N 0 stress-corrosion resistance of 2 4  
standard and extra-low interstitial Ti-6A1-4V alloy were compared in three 
conditions of heat treatment. The heat treatments studied were the 
conventional solution-anneal-and-age and two duplex treatments which included 
controlled-rate cooling from above the beta transus temperature followed by 
the conventional treatment. The duplex treatments produced an acicular rather 
than an equiaxed alpha phase. Tensile properties were measured using 
unnotched sheet specimens. Similar specimens were used to evaluate stress- 
corrosion resistance at applied stress levels between 85 an 130ksi. The 
specimens were subjected to N204 under a pressure o f  250 psig and at tempera- 
tures of 105 and 1 6 0 ~ ~  until failure occurred or a maximum of 30 days. 
Fracture toughness was evaluated qualitatively using precracked Charpy impact 
specimens. 
i v  
TABLE OF CONTENTS 
I. Introduction 
11.. Summary 
111. Technical Discussion 
A. Selection of Heat Treatments 
B. Evaluation of Mechanical Properties 
C. Stress-Corrosion Studies 
IV . Conclusions 
P a g e  
1 
2 
2 
2 
4 
6 
9 
. 
TABLE LIST 
Mechanical P rope r t i e s  of  Ti-6A1-4V Alloy Heat-Treated 
by Conventional and Duplex Treatments 
Resu l t s  of Stress-Corrosion Tests Conducted on 
Ti-6Al-4V Alloy Heat-Treated by Conventional and 
Duplex Treatments i n  N 2 0 4  a t  250 ps ig  and 1 6 0 ~ ~  
FIGURE LIST 
Ef fec t  of Heat Treatment on Microstructure  of 
Ti-6A1-hV Alloy 
Design of Specimens Used t o  Compare Mechanical P rope r t i e s  
and Stress-Corrosion Res is tance  of Ti-6Al-bV Allay 
Heat-Treated by Conventional and Duplex Treatments 
Or i en ta t ion  of Test Specimens i n  Ti-6A1-4V ELI P l a t e  
and i n  Standard I n t e r s t i t i a l  Minuteman Case 
Electron-Microscope Fractographs of Ti-6Al-bV Alloy 
Heat-Treated by Conventional and Duplex Treatments 
Stress-Corrosion Test Loading Fix ture  
Stress-Corrosion T e s t  Apparatus 
Comparison of Stress-Corrosion S u s c e p t i b i l i t y  i n  N O4 a t  
1 6 0 ~ ~  of Standard and Extra-Low I n t e r s t i t i a l  Contegt 
Ti-6A1-4V Alloy Subjected t o  Conventional and Duplex 
Heat Treatments 
Typica l  Stress Corrosion F a i l u r e  i n  Ti-6A1-4V ELI Alloy 
Heat-Treated by Duplex Treatment ( 55'F/hr Cooling Rate) 
i n  N ~ O ~  a t  1 6 0 ~ ~  
Table -
1 
2 
Figure 
1 
2 
3 
v i  
I. INTRODUCTION 
Early i n  1965, t h e  Aerojet-General Corporation conducted an 
independent i n v e s t i g a t i o n  t o  determine t h e  e f f e c t s  of mic ros t ruc tu ra l  varia- 
t i o n  on t h e  mechanical p r o p e r t i e s  of Ti-6Al-bV a l loy .  
convent iona l ly  hea t - t r ea t ed  ma te r i a l  had a precracked Charpy impact va lue  of 
526 in . - lb / in .2  and t h a t  t h i s  could be increased  t o  813 i n . - l b / i n . 2  without 
e f f e c t i v e l y  changing t h e  t e n s i l e  s t r eng th  by changing t h e  a lpha  phase i n  t h e  
mic ros t ruc tu re  from an equiaxed t o  an a c i c u l a r  form. This change was accom- 
p l i shed  by slow cool ing  from above the  b e t a  t r ansus  temperature  and then  
s o l u t i o n  anneal ing and aging i n  t h e  convent ional  manner. 
It was found t h a t  
To f u r t h e r  i n v e s t i g a t e  t h e  poss ib l e  advantages of t h e  a c i c u l a r  or 
p la t e l e t - a lpha  micros t ruc ture ,  a l imi t ed  s t r e s s -co r ros ion  s tudy  w a s  conducted 
i n  a t h r e e  percent  sodium ch lo r ide  so lu t ion  us ing  f a t i g u e  precracked center -  
notch t e n s i l e  specimens. A s i g n i f i c a n t  improvement i n  stress cor ros ion  
r e s i s t a n c e  w a s  observed. Samples hea t - t rea ted  by both t h e  convent ional  
t rea tment  and duplex t rea tments  ( a c i c u l a r  a lpha )  were machined wi th  a 
2-1/2-in. w i d e  t e s t  s e c t i o n  and an i n i t i a l  c rack  width of 0.75 i n .  Conven- 
t i o n a l l y  hea t - t r ea t ed  samples with an equiaxed a lpha  mic ros t ruc tu re  f a i l e d  
a f t e r  four  minutes when s t r e s s e d  t o  30 k s i .  Under similar t e s t  cond i t ions ,  
specimens hea t - t rea ted  t o  produce a p l a t e l e t - a l p h a  mic ros t ruc tu re  withstood 
4000 min exposure without  f a i l u r e .  I n  view of  t h i s  supe r io r  performance, t h e  
r e sea rch  descr ibed  i n  t h i s  r e p o r t  was undertaken t o  determine i f  a comparable 
improvement i n  r e s i s t a n c e  t o  N 0 exposure could be gained by a l t e r i n g  t h e  
form of t h e  a lpha  phase i n  t h e  Ti-6Al-4V a l l o y  through h e a t  t r e a t n e n t .  
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11. SUMMARY 
Tens i l e ,  f racture- toughness ,  and s t r e s s -co r ros ion  s t u d i e s  w e r e  con- 
ducted on both s tandard  and extra-low i n t e r s t i t i a l  content  Ti-6Al-bV a l l o y .  
In  both of t h e s e  m a t e r i a l s ,  t h e  conventional s o l u t i o n  anneal-and-age heat-  
t rea tment  and two duplex heat- t reatments  were evaluated.  The duplex procedures 
cons i s t ed  of c o n t r o l l e d  slow-cooling from above t h e  beta- t ransus temperature  
followed by t h e  convent ional  t reatment .  The f r a c t u r e  toughness t e s t s  showed 
t h a t  t h e  duplex hea t  t reatment  improved t h e  toughness of t h e  E L I  material bu t  
not t h a t  with s tandard  i n t e r s t i t i a l  content .  Also, it w a s  found t h a t  
r e s i s t a n c e  t o  s t r e s s -co r ros ion  cracking i n  N 0 w a s  not  improved by t h e  duplex 
t rea tments  i n  e i t h e r  ELI or s tandard  i n t e r s t i t i a l  content  Ti-6A1-4V a l l o y .  
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111. TECHNICAL DISCUSSION 
The primary ob jec t ive  of  t h i s  program w a s  t o  determine whether or  not 
t h e  f r a c t u r e  toughness and N 0 
could be improved through t h e  app l i ca t ion  of s p e c i a l  hea t  t rea tments  t o  
c o n t r o l  t h e  form of  t h e  alpha phase.  Micros t ruc tures  with t h e  alpha phase 
i n  p l a t e l e t  r a t h e r  than  equiaxed form were produced by two duplex h e a t  
t rea tments .  Specimens machined from material hea t - t r ea t ed  by t h e s e  duplex 
procedures and by t h e  convent ional  procedure were compared on t h e  b a s i s  of 
mechanical p r o p e r t i e s  and r e s i s t a n c e  t o  s t r e s s -co r ros ion  i n  N 0 
s t r e s s -co r ros ion  r e s i s t a n c e  of Ti-6A1-4V 2 4  
2 4 '  
A. SELECTION OF HEAT TREATMENTS 
The first hea t  t reatment  s t u d i e s  w e r e  conducted on 1-in.  x 1-in.  
x 1/2-in.  samples cu t  from a one-inch t h i c k  dome-shaped forg ing  of s tandard  
i n t e r s t i t i a l  content  Ti-6A1-4V a l loy .  
t rea tments  were c a r r i e d  out i n  a helium atmosphere t o  minimize contamination. 
Severa l  p re l iminary  tests were conducted us ing  var ious  h e a t  t rea tments  i n  an 
e f f o r t  t o  produce micros t ruc tures  charac te r ized  by a c i c u l a r  a lpha.  The 
Throughout t h e  program t h e  h e a t  
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d e s i r e d  mic ros t ruc tu re  w a s  a t t a i n e d  under some condi t ions  bu t  t h e  resul ts  
were not  cons i s t en t .  Addi t iona l  tes ts  i n d i c a t e d  t h a t  t h e  incons is tency  w a s  
due t o  v a r i a t i o n s  i n  t h e  amount of  working wi th in  t h e  forg ing .  Because of 
t h i s ,  t h e  d i r e c t i o n a l i t y  e f f e c t s  from fo rg ing  were not e l imina ted  i n  some 
samples af ter  holding f o r  18 h r  a t  1790°F. 
were made t o  develop t h e  d e s i r e d  micros t ruc ture  i n  t h e  forged a l l o y .  
Consequently, no f u r t h e r  e f f o r t s  
The next  h e a t - t r e a t i n g  s tud ie s  were conducted on samples cu t  from 
1-in.  t h i c k  ELI p l a t e  wi th  t h e  following i n t e r s t i t i a l  conten t :  O.O23%C, 
O.OOg%N, O.O065%H and 0.07%0. Two samples, 1-in.  x 1-in.  x 4-in. then  were 
hea ted  t o  181+0O~, he ld  for 1 h r ,  cooled at 45OF and 50°F/hr t o  1200°F, a i r  
cooled t o  room temperature and then  s o l u t i o n  annealed by quenching from 
1750°F a f te r  holding f o r  30 minutes. 
both slow cool ing r a t e s  of 45 and 50°F/hr had produced a p l a t e l e t - a lpha  
micros t ruc ture  of t h e  d e s i r e d  conf igura t ion .  Two a d d i t i o n a l  t es t s  w e r e  made 
a t  cool ing  rates of  40 and 55'F/hr t o  determine i f  t h e  cool ing  rate s i g n i f i -  
c a n t l y  changed t h e  appearance of t h e  p l a t e l e t  a lpha.  These samples were given 
a duplex t reatment  and aged a t  1000°F for e igh t  hours.  Their  mic ros t ruc tu re  
w a s  s i m i l a r  t o  t h e  samples cooled at in te rmedia te  rates. 
Metal lographic  examination showed t h a t  
The f i n a l  hea t  t reatment  s t u d i e s  were made on sec t ions  c u t  from 
a 52-in.-dia Minuteman rocket  motor case.  This case  i s  produced by r i n g - r o l l  
fo rg ing  and machined t o  a f i n a l  th ickness  of 0.104 i n .  
s t i t i a l  content  of t h e  material used f o r  Minuteman cases  i s :  
0.05% max N ,  0.0125% max H and,0.12 t o  0.20% 0. 
The s p e c i f i e d  i n t e r -  
0.10% max C ,  
Sect ions of  t h e  Minuteman case  w e r e  given t h e  same t rea tments  
used on t h e  ELI p l a t e  material with cool ing  rates of  40 and 55'F/hr i n  t h e  
f i r s t  s t e p  of t h e  duplex cyc le .  Metallographic examination showed t h a t  t h i s  
s tandard  i n t e r s t i t i a l  material a l s o  had a p l a t e l e t  a lpha  mic ros t ruc tu re  but  
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t h e  p l a t e l e t s  were somewhat coa r se r  than with ELI material. Micros t ruc ture  
of b.oth t h e  s tandard  and. extra-low i n t e r s t i t i a l  ma te r i a l s  are compared i n  
Figure 1 f o r  t h e  convent ional  and t w o  duplex hea t  t rea tments .  
B. EVALUATION OF MECHANICAL PROPERTIES 
The hea t - t r ea t ing  s tud ie s  ind ica t ed  t h a t  cool ing at rates between 
40 and 55'F/hr through t h e  t ransformation range produced similar p l a t e l e t  
a lpha  s t r u c t u r e s .  The two extreme cooling r a t e s  i n v e s t i g a t e d  were s e l e c t e d  
f o r  f u r t h e r  eva lua t ion  t o  determine i f  t h e s e  cool ing rates a f f e c t e d  mechanical 
p r o p e r t i e s  even though they  d i d  not  produce gross  mic ros t ruc tu ra l  d i f f e r e n c e s .  
Tens i le  and f r a c t u r e  toughness p r o p e r t i e s  were i n v e s t i g a t e d  f o r  
both t h e  Minuteman s tandard  i n t e r s t i t i a l  material and t h e  ELI 1-inch t h i c k  
p l a t e .  The specimen designs and o r i e n t a t i o n  are shown i n  Figures  2 and 3. 
The r e s u l t s  of  t h e  mechanical property t e s t s  are given i n  Table 1. These tes t  
r e s u l t s  i n d i c a t e  t h a t  t h e  method of  hea t  t rea tment  d i d  not  a f f e c t  t h e  s t r e n g t h  
p r o p e r t i e s  of  t h e  ELI p l a t e .  A l l  t h r ee  t rea tments  produced a nominal y i e l d  
s t r e n g t h  of 130 k s i  and a t e n s i l e  s t r eng th  of about 150 k s i .  However, t h e  
t rea tments  d i d  inf luence  d u c t i l i t y ;  t h e  convent ional ly  t r e a t e d  specimen had 
h igher  e longat ion va lues  than  t h e  duplex t r e a t e d  material, (10 vs 6%) .  
The s t r e n g t h  p r o p e r t i e s  of t h e  s tandard  i n t e r s t i t i a l  material were 
s i g n i f i c a n t l y  h igher  t han  those  measured i n  ELI samples. Specimens from t h e  
Minuteman chamber hea t - t r ea t ed  i n  the convent ional  manner and by t h e  duplex 
cyc le  with a cool ing  ra te  of 55'F/hr exh ib i t ed  a y i e l d  s t r e n g t h  of about 
170 k s i  and a t e n s i l e  s t r e n g t h  of 185 k s i ;  t h e  40°F/hr cool ing  rate duplex 
cyc le  r e s u l t e d  i n  10 k s i  lower s t r eng th .  The e longat ion  values  of specimen 
from a l l  t h r e e  t rea tments  were about s i x  percent .  
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From t h e  s tandpoin t  of  toughness, t h e  ELI material exh ib i t ed  
s i g n i f i c a n t l y  h ighe r  W/A values  than  d i d  s tandard  i n t e r s t i t i a l  m a t e r i a l .  
Also,  t h e  duplex t rea tments  improved t h e  toughness of t h e  ELI m a t e r i a l  from 
1427 in . - lb / in .2  t o  about 2000 in . - lb / in .2 .  
o f  t h e  s tandard  i n t e r s t i t i a l  ma te r i a l  w a s  not improved by t h e  duplex hea t  
t rea tment .  I n t e r s t i t i a l  oxygen content may determine whether or not t h e  
toughness of Ti-6M-4V a l l o y  can be improved by t h e  presence of  a c i c u l a r  
r a t h e r  than  equiaxed alpha. This p o s s i b i l i t y  i s  ind ica t ed  by comparing t h e  
toughness values  of hea t s  wi th  d i f f e r e n t  oxygen contents  given a duplex t r e a t -  
ment (40°F/hr cool ing  r a t e )  and t h e  convent ional  t rea tment .  This comparison 
i s  given below f o r  t h e  two hea t s  of material s tud ied  i n  t h i s  i n v e s t i g a t i o n  and 
On t h e  o t h e r  hand, t h e  toughness 
t h e  h e a t  used i n  t h e  i n i t i a l  Aerojet-General program. 
2 Precracked Charpy Value, i n . - lb / in .  
Material 
Conventional Duplex 
Oxygen ( ppm) Treatment Treatment Inc re  as e 
Current Program ELI 700 1427 2014 587 
I n i t i a l  Program Standard 1100 526 a13 237 
Current Program Standard 1200 t o  2000 481 342 -139 
( Spec i f i ca t ion  
l i m i t s  1 
Apparently,  as t h e  oxygen inc reases ,  t h e  a lpha  p l a t e l e t s  become inc reas ing ly  
embr i t t l ed  and a r e  no longer  capable of b lun t ing  a crack f r o n t .  
E lec t ron  fractographs taken from s e l e c t e d  Charpy specimen f r a c t u r e  
The f rac tograph  which r ep resen t s  t h e  toughes t  su r f aces  are shown i n  Figure 4. 
condi t ion ,  a duplex t reatment  w i t h  a 40°F/hr cool ing  r a t e ,  c o n s i s t s  of l a r g e  
tear  dimples. For t h e  same extra-low i n t e r s t i t i a l  material hea t - t r ea t ed  i n  
t h e  convent ional  manner, t h e  t e a r  dimples seem somewhat smaller bu t  t h e  
genera l  morphology i s  t h e  same. In  t h e  lowest toughness cond i t ion ,  which w a s  
s tandard  i n t e r s t i t i a l  ma te r i a l  given a duplex t rea tment  wi th  a E ° F / h r  
111, B ,  Evaluat ion of Mechanical P rope r t i e s  ( c o n t . )  
cool ing  ra te ,  t h e  dimple s i z e  was still about t h e  same bu t  t hese  a reas  were 
fewe.r i n  number and t h e r e  was a tendency for  them t o  c o n s i s t  of more nea r ly  
equiaxed dimples. The f a c t  t h a t  t h e  shape of t h e  dimples changes from an 
elongated tear type  i n  t h e  ELI material t o  a r e l a t i v e l y  equiaxed normal type  
i n  t h e  s tandard  i n t e r s t i t i a l  content  m a t e r i a l  i n d i c a t e s  t h a t  t h e  r a t i o  of t h e  
maximum p r i n c i p a l  s t ra ins  i s  decreasing.  In  a Charpy t e s t ,  t ear - type  dimples 
would be expected i n  a tough ma te r i a l  and equiaxed dimples i n  a less tough 
s t r u c t u r e  which i n d i c a t e s  t h a t  t h e  alpha p l a t e l e t s  may become embr i t t l ed  as 
t h e  oxygen content  i s  increased .  
C.  STRESS-CORROSION STUDIES 
The f i n a l  p a r t  of t h e  inves t iga t ion  w a s  d i r e c t e d  toward determining 
whether or not r e s i s t a n c e  of t h e  Ti-6A1-4V alloy t o  s t r e s s -co r ros ion  c racking  
i n  N 2 0 4  could be  improved by us ing  the  duplex r a t h e r  than  t h e  convent ional  
hea t  t rea tment .  For t h i s  purpose,  specimens were s t r e s s e d  t o  var ious  levels 
and exposed t o  N 0 A s  be fo re ,  both s t anda rd  and extra-low i n t e r s t i t i a l  
m a t e r i a l  and t h e  convent ional  and two duplex hea t  t rea tments  were compared. 
2 4 '  
I n  t h e  s t r e s s -co r ros ion  tests smooth t e n s i l e  specimens as shown 
i n  Figure 2 were evaluated.  Fatigue precracked specimens were considered 
more d e s i r a b l e  so  t h a t  f r a c t u r e  mechanics concepts could be app l i ed  t o  t h e  
r e s u l t a n t  da t a  bu t  because a l l  previous s t u d i e s  of T i  a l l o y  - N 0 compati- 
b i l i t y  used smooth specimens, t h i s  same approach w a s  followed so t h a t  t h e  t e s t  
r e s u l t s  could be more r e a d i l y  compared t o  those  of previous i n v e s t i g a t i o n s .  
Each specimen w a s  instrumented with a s t r a i n  gage, p laced  i n  a t e n s i l e  machine, 
loaded t o  t h e  predetermined s t r e s s  l e v e l  and t h e  corresponding s t r a i n  reading  
recorded.  The load  w a s  then  re leased  and t h e  specimen p laced  i n  a gang f i x t u r e  
as shown i n  F igure  5 and torqued t o  t h e  prev ious ly  recorded s t r a i n  va lue .  
Each f i x t u r e  he ld  f ive specimens and all t h e  samples i n  t h e  same f i x t u r e  were 
2 4  
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s t r e s s e d  t o  t h e  same level.  Three of t h e  f ive samples represented  t h e  duplex 
t rea tment  and t h e  o t h e r  two t h e  conventional h e a t  t rea tment .  
Each f i x t u r e  w a s  then  placed i n t o  a sea l ed  con ta ine r .  The ind i -  
v i d u a l  conta iners  were p laced  i n  a con t ro l l ed  temperature water  ba th  as shown 
i n  Figure 6 and manifolded f o r  f i l l i n g  wi th  N204 and p res su r i z ing  t o  250 p s i g .  
During t h e  exposure pe r iod ,  each container  w a s  opened d a i l y  f o r  t h e  f i r s t  
seven days and then  twice weekly u n t i l  a l l  t h e  specimens had f a i l e d  o r  u n t i l  
30 days had elapsed.  Af t e r  each inspec t ion  t h e  conta iners  w e r e  r e f i l l e d  with 
f r e s h  N204. 
of t h e  N 0 w e r e  made. 2 4  
w a t e r  content  measured w a s  0.03%. 
During t h e  course o f  the i n v e s t i g a t i o n ,  s e v e r a l  chemical ana lyses  
The NO content never exceeded 0.01% and t h e  h ighes t  
The first s t ress -cor ros ion  tests were made on specimens from 
extra-low i n t e r s t i t i a l  m a t e r i a l  a t  a t e s t  temperature  of 105'F and s t r e s s  
levels of 95 and 85 k s i .  Higher stress levels were not used because of t h e  
low y i e l d  s t r eng th  of t h i s  ma te r i a l  (130 k s i )  . 
none of t h e  samples f a i l e d  i n  t h e  30-day t e s t .  Then t h e  test temperature  was  
increased  t o  160'~ and t h e  exposure cont inued on t h e  same samples. 
h ighe r  temperature ,  f a i l u r e s  were observed a f t e r  50 h r  exposure,  and a l l  but  
one sample had f a i l e d  a f te r  a tes t  per iod of 500 h r ,  or less .  
Under t h e s e  t e s t  cond i t ions ,  
A t  t h e  
Standard i n t e r s t i t i a l  ma te r i a l  w a s  t e s t e d  i n  a similar manner a t  
stress l e v e l s  of 130, 115 and 95 ks i  wi th  no fa i lures  observed a f t e r  14 days 
a t  105'F; but  f a i l u r e  occurred i n  l e s s  than  50 hours when t h e  temperature  w a s  
increased  t o  160'~. 
The r e s u l t s  of t h e  s t ress -cor ros ion  t e s t s  are summarized i n  
Table 2 and shown i n  Figure 7. These d a t a  show t h a t  t h e  r e s i s t a n c e  of 
Ti-6A1-4V t o  s t r e s s -co r ros ion  cracking i n  N 0 was n e i t h e r  improved by t h e  2 4  
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duplex t r ea tmen t ,  nor w a s  t h e r e  a grea t  d i f f e r e n c e  i n  t h e  performance of t h e  
s t anda rd  and ELI m a t e r i a l  at t h e  sane stress l e v e l .  A t y p i c a l  specimen f a i l u r e  
is shown i n  Figure 8. 
In  gene ra l ,  t h e  s t ress -cor ros ion  d a t a  agrees wi th  t h e  r e s u l t s  of 
o t h e r  i n v e s t i g a t i o n s  i n  which f a i l u r e s  were r epor t ed  i n  90 h r  or  l e s s  f o r  
specimens subjec ted  t o  N 0 
140 k s i .  However, t h e  f ind ings  were cont ra ry  t o  expec ta t ions  t h a t  were 
based on t h e  previous r e s u l t s  of sa l t  water  exposure t e s t s  a t  Aerojet-General 
i n  which convent ional ly  hea t - t rea ted  samples f a i l e d  a f t e r  four  minutes 
exposure and duplex t r e a t e d  samples withstood 4000 minutes without fa i lure .  
I n  t h e  ear l ie r  s tudy ,  f a t i g u e  precracked specimens were used and provided a 
measure of t h e  t i m e  requi red  f o r  an e x i s t i n g  defec t  t o  grow t o  c r i t i c a l  s i z e  
and r e s u l t  i n  ca t a s t roph ic  f a i l u r e .  A s  a r e s u l t ,  t h e  d i f f e r e n c e  i n  crack 
growth r a t e s  w a s  s tud ied  i n  t h e  N a C l  t e s t s  and found t o  vary s i g n i f i c a n t l y  
with micros t ruc tures .  
a t  1 6 0 ~ ~  a t  s t r e s s  l e v e l s  between 90 and 2 4  
On t h e  o the r  hand, smooth specimens o f  t h e  type  used i n  t h i s  
program measure t h e  time requi red  t o  i n i t i a t e  a crack as we l l  as propagate  it. 
It is poss ib l e  t h a t  t h e  t ime for flaw i n i t i a t i o n  was long and t h e  t i m e  f o r  
propagat ion s h o r t .  A s  a r e s u l t ,  any improvement i n  r e s i s t a n c e  t o  r a t e  of  slow 
crack growth r e s u l t i n g  from mic ros t ruc tu ra l  d i f f e r e n c e  might go unnot iced 
because of t h e  r e l a t i v e l y  long t ime between inspec t ion  per iods  which could 
g r e a t l y  exceed t h e  i n t e r v a l  needed for crack propagat ion.  Another p o s s i b i l i t y  
i s  t h a t  r e s i s t a n c e  t o  crack growth w a s  improved by changing t h e  mic ros t ruc tu re  
bu t  t h e  presence of t h e  a lpha  p l a t e l e t s  presented  more s i t e s  f o r  f l a w s  t o  
(1) Jackson, J .  D.  and Boyd, W. K . ,  "Corrosion of  Ti tanium",  DMIC 
Memorandum 218, Defense Metals Information Center , B a t t e l l e  
Memorial I n s t i t u t e ,  Columbus, Ohio (Sept .  1, 1966) .  
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i n i t i a t e  and counteracted t h e  improved proper ty  by shor ten ing  t h e  incubat ion  
t i m e .  I n  e i t h e r  case ,  i f  any improvement from t h e  a c i c u l a r  a lpha  d id  e x i s t ,  
it w a s  not  s u f f i c i e n t  t o  be of p r a c t i c a l  s i g n i f i c a n c e .  
Another l i k e l y  cause f o r  a d i f f e r e n c e  i n  behavior  i n  N a C l  and 
N 0 i s  t h e  b a s i c  d i f f e r e n c e  i n  environments. According t o  DMIC Memorandum 
218, thermodynamic cons idera t ions  of poss ib l e  chemical r eac t ions  between 
Ti-6A1-4V a l l o y  and N 2 0 4  and i t s  impur i t ies  minimize e lec t rochemica l  a c t i o n  as 
a f a i l u r e  mechanism. This would not be t h e  case  i n  a 3% N a C l  s o l u t i o n .  
Thus, t h e  mechanisms of crack i n i t i a t i o n  and propagat ion may be d i f f e r e n t  i n  
both systems so  t h a t  a method of e l imina t ing  s t r e s s -co r ros ion  cracking i n  one 
environment could be  i n e f f e c t i v e  i n  t h e  o the r .  
2 4  
I V  . CONCLUSIONS 
The r e s u l t s  of t h i s  i nves t iga t ion  i n d i c a t e  t h e  fol lowing:  
(1) Heat t rea tments  which produce a c i c u l a r  r a t h e r  t han  equiaxed a lpha  
phase i n  Ti-6A1-4V a l l o y  can improve f r a c t u r e  toughness . .  
( 2 )  Improvement i n  toughness may be a func t ion  of t h e  i n t e r s t i t i a l  
oxygen content  ; t h e  g r e a t e s t  improvements have been observed on extra-low 
i n t e r s t i t i a l  material with no improvement noted i n  h ighe r  oxygen content 
m a t e r i a l .  
(3 )  The improved toughness in  t h e  lower oxygen hea t s  w a s  not 
accompanied by a decrease i n  s t r eng th .  
( 4 )  Res is tance  t o  s t r e s s  corrosion cracking i n  N 0 i s  not  improved 2 4  
by duplex h e a t  t rea tments .  
TABU 1 
MECHANICAL PROPERTIES OF TI-6AL-4V ALLOY HEAT-TREATED BY CONVENTIONAL 
AND DUPLEX TREA"TS 
Elongat i o n  
in b i n . , %  
0.2% OPfUt 
Y i s l d  Stmanpth, k s l  
Toughmas, Pro-Cracked C h p y  
matt, U/A. in- lbdin.  
Tenalle Strength, 
ha1 Heat -Treatment Material Type 
Conventional Standard 
(1750*F/30 min, Intsrst l t lal  
water quench. 
Age lOW'F/8 hr) 
Extra-Low 
Interst i t ial  
165.7 
169.7 
172.0 
169.1 
-
5.L 
5.L 5.L 
1 
2 
3 
Aver. 108.7 
lL7.L 
150.0 
U9.2 
5.h 
8.5 
12.0 
10.3 
181 
1 
2 
3 
128.8 
133.2 
131 -2 
1215 
1518 2 
U27 Aver. 
Lbplex A 
(18&O*F/1 hr standard 
cool &l*F/h;to 12W'F, Intsratlt ial  
air c m l  t o  man temp 
Re-heat 1750%/30 min, 
water quench. 
Age lCOO'F/8 hr) 
Extra-Lou 
Interst i t ial  
162.8 
159.6 
160.) 
175.L 
178.5 177.5 
316 
311 
)68 
312 
1 
2 
3 
3.0 
3.1 
3.1 - 
160.9 177.8 3.1 Aver. 
2128 
m L  
lpll 
130.9 
132.5 
13L.1 -
8.5 
5.0 
5.0 - 
150.0 
l50.L 
L 
2 
3 
6.2 Aver. 132.5 15O.L 20u4 
Duglex B standard 
(1OLO F/1 hr Iiitorstit,irl 
air cool t o  roan-temp 
Re-heat 1750*F/3O ndn. 
water quench. 
Age lCOO*F/B hr ) Extra-Lou 
coo1 55T/hr'to 1200T, 
Interst i t ial  
1 
2 
3 
Aver. 
1 
2 
3 
Aver. 
166.7 
169.7 
168.2 
131.0 
131.2 
l30.L 
- 
129.0 
l8L.6 
le5.L -- 
185.0 
150 .E 
u49.6 
U8.b 
1L9.0 
-
5.2 
5.2 
329 
556 - 
5.2 
7 .o 
6.0 
22.L 
6.5 
122 
1626 
2060 a 
1956 
Table 1 
TABLE 2 
RESULTS OF STRESS-CORROSION TESTS CONDUCTED ON TI-6AL-4V ALLOY HEAT-TREATED 
BY CONVENTIONAL AND DUPiXX TREATMENTS I N  N204 AT 250 P S I G  AND 1 6 0 ' ~  
Heat-Tre a tmnt  Applied Stress, -  
kai ib%uuL - - -  
Convent iond I30 
(1750oP/30 min, 
water quench. 
Ape lOOOV/8 hr) 
1 
2 
3 
4 
65-87 
65-87 
87-158 
87-158 
94-166 
94-166 
94-166 
166-262 
94-166 
94-166 
166-262 
166-262 
115 
95 
85 
1 
2 
1 71-148 
71-U8 
71-148 
336-407 
71-148 
407-503 
407-503 
407-503 
2 
3 
4 
1 
2 
3 
4 
Duplex A 330 
(18bOOF/1 hr  , 
cool hO'T/hr t o  1 2 0 0 9 .  
23-46 
46-65 
46-65 
28-52 
52-71 
72-94 
52-71 
94-166 
94-166 
air -cdol t o  room temp 
Re-heat 1750OF/30 min, 115 
water quench. 
AKe 1000oF/8 hr) 
95 1 
2 
3 
26-50 
71-148 
71-148 
71-148 
336-407 
336-407 
85 1 
2 
3 
Duplex B 130 
(18&0oF/1 hr, 
cool SSOF/hr t o  1200?F, 
air  cool t o  room-temp 
water quench. 
Age l000%/8 h r  
Re-heat 1750OF/30 min, u.5 
65-87 
87-158 
87-158 
28-52 
28-52 
94-166 
94-166 
94-166 
94-166 
1 
2 
3 
95 26-50 
71-148 
71-U8 
503 
336-407 
336-407 
85 
Notes: 
1. Standard in t e r s t i t i a l  specimens were exposed l.4 days 
Extra-Low In te r s t i t i a l  specimens were exposed 30 days a t  lOPF, 250 psig, and 
indicated s t ress  level  without failure t o  exposure a t  1600F 
Lifetime hours are elapsed time of l 6WF exposure t o  start and completion of 
t e s t  interval during which faflure occurred 
2. 
Table 2 
Standard I n t e r s t i t i e l  Extr E-Low In t e r  st it i d  
Etchant: 2% HF, 5% HLTO3, 93% H20 
Conventional Treatment: 
Duplex Treatment: 
17500F/30 min., wbter quench, zge 1000oF/8 hr 
l84OoF/l hr, controlled-rate cool t o  1200oF, a i r  cool 
room temp 
age 1000aF/?3 h r  
Reheat 1750CF/30 m i n ,  wster quench, 
Effect of Heat Treatment on Microstructure of Ti-6Al-kV Alloy 
Figure 1 
I r 0.38 d i a  
Tens i l e  and Stress-Corrosion Specimen 
----- 
Fat igue  Precrack 
(0.020 t o  0.040 Deep) 
2.00 
t = 0.394 f o r  specimens from 1-in.  t h i c k  ELI p l a t e  
t = 0.080 f o r  specimens from Minuteman Case 
Precracked Charpy Impact Specimen 
i t
Design of Specimens Used t o  Compare Mechanical P r o p e r t i e s  and St ress -Corros ion  
Res is tance  of !l?i-6A1-4V Alloy Heat -Treated by Conventional and Duplex Treatments 
F igu re  2 
Orien ta t ion  of  Tes t  Specimens i n  Ti-6A1-4V ELI P l a t e  and i n  Standard 
I n t  erst it ia  1 M i  nut eman Cas e 
F igure  3 
10,000x 
Extra-Low I n t e r s t i t i a l  
Duplex Treatment (40bF/hr Cool) 
5 = 2014 in-lbs/in. 2 
A 
W a = 1427 in:lbs/in? 
7 , 200X 
Extra-Law I n t e r s t i t i a l  
Conventional Treatment 
422 in;-lbs/in. 2 
I =  
10, ooox 
Standard I n t e r s t i t i a l  
Duplex Treatment (SS?F/hr Cool) 
Electron-Microscope Frac tographs of Ti-6A1-4V Alloy Heat-Treated by Conventional 
Figure 4 
and Duplex Treatments 
* 
Stress-Corrosion Test Loading Fixture 
Figure 5 
Stress-Corrosion Test Apparatus 
Figure 6 
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1 1  I I. 
Comparison of S t ress -Corros ion  S u s c e p t i b i l i t y  i n  N204 at 1 6 0 ' ~  of Standard 
and Extra-Low I n t e r s t i t i a l  Content Ti-6Al-kV Alloy Subjected t o  Conventional 
and Duplex Heat Treatments 
F igu re  7 
lOOX 
Typical Stress-Corrosion Fai lure  i n  T i -6Al -W ELI Alloy Heat-Treated by Duplex 
Treatment (55'F/hr Cooling Rate) i n  N,04 a t  160'~ 
Figure 8 
